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Abstract To close the gap in our knowledge of sex
influence on age-related changes in inflammation-
oxidation state in spinal cord (SC) relevant to inflam-
mation/oxidative-stress associated neuropathologies,
2–3 month-old (young) and 18–20 month-old (old) rats,
exhibiting increased level of IL-6, a commonly used
marker of inflamm-aging, were examined for inflamma-
tory/redox status, and the underlying regulatory networks’
molecules expression.With age, rat SCmicroglia became
sensitized (‘‘primed’’), while SC tissue shifted towards
mild inflammatory state, with increased levels of
proinflammatory IL-1b (key marker of microglial sys-
temic inflammation-induced neurotoxicity), which was
more prominent inmales. This, most likely, reflected age-
and sex-related impairment in the expressionofCX3CR1,
the receptor for fractalkine (CX3CL1), the soluble factor
which regulates microglial activation and diminishes
production of IL-1b (central for fractalkine neuroprotec-
tion).Considering that (i) age-related changes inSC IL-1b
expressionwere not followed by complementary changes
in SC IL-6 expression, and (ii) the reversal in the direction
of the sex bias in circulating IL-6 level and SC IL-1b
expression, it seems obvious that there are tissue-specific
differences in the proinflammatory cytokine profile.
Additionally, old male rat SC exhibited greater oxidative
damage than female, reflecting, most likely, their lower
capacity to maintain the pro-oxidant-antioxidant balance.
In conclusion, these findings, apart from highlighting the
significance of sex for age-associated changes in SC
inflammation-oxidation, may be relevant for understating
sex differences in human inflammation/oxidative-stress
related SC diseases, and consequently, for optimizing
their prevention/therapy.
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Introduction
Aging is an ubiquitous phenomenon affecting all body
tissues (Franceschi and Campisi 2014). A pervasive
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feature of the aging tissue is asymptomatic, chronic low-
grade inflammation occurring in the absence of overt
infection (‘‘sterile’’ inflammation) termed inflamm-
aging (Franceschi and Campisi 2014). It most likely
reflects: (i) an accumulation of damaged macro-
molecules and cells (self-debris) due to their increased
production and/or inadequate elimination, (ii) accumu-
lating effects of harmful products from the microbial
constituents of the human body (e.g. oral or gut
microbiota) which leak into surrounding tissues and
the circulation; (iii) cellular senescence and (iv) age-
related changes of the immune system (immunesenes-
cence) (DeMartinis et al. 2005; Franceschi andCampisi
2014; Fulop et al. 2016). Inflamm-aging has been
identified as a highly significant risk factor for both
morbidity andmortality in the elderly people, asmost, if
not all, age-related diseases share an inflammatory
pathogenesis (Franceschi et al. 2007; Frasca and
Blomberg 2016). A close relationship between oxida-
tive stress and inflamm-aging has been suggested, and
accordingly an oxidation-inflammatory theory of aging
(oxi-inflamm-aging) has been formulated (De la Fuente
and Miquel 2009). This theory proposes that oxidative
stress affecting immune cell functions influences the
speed of aging and ultimately the lifespan (De la Fuente
andMiquel 2009). However, this theorywas questioned
recently. Subsequently, it has been suggested that
oxidative stress plays a very limited, if any, role in
aging, but a major role in determining health-span and/
or that the role that oxidative stress plays in aging
depends on environment, being extremely important
under chronic stress (Salmon et al. 2010).
The central nervous system (CNS) cells undergo a
wide variety of functional changes during aging, as they
showa gradual accumulation of oxidative stress damage
over time (Dro¨ge and Schipper 2007). This is particu-
larly notable in microglia, as these cells are long-lived
and not readily replaced by cells from the periphery
(Ajami et al. 2007). In response to the cumulative
disturbances of redox homeostasis, microglial cells
upregulate activationmarkers and their secretory profile
changes altering the brain cytokine milieu (Fischer and
Maier 2015). These age-related changes in microglial
functional capacity have been causally linked with
development of most, if not all, human neuroinflamma-
tory/neurodegenerative diseases (Wong 2013). Given
that the standard strains of laboratory rodents on normal
diet do not spontaneously develop recognizable neu-
rodegenerative diseases observed in humans (Jucker
and Ingram 1997), they are suggested to be a valuable
model for mechanistic studies of not only non-clinical
aging, but also, paradoxally, human neurodegenerative
disorders (Jucker 2010).
In contrast to the extensive research on inflamma-
tion-oxidation state in the aging brain, complementary
studies in spinal cord (SC) are limited (Chung et al.
2010; Galbavy et al. 2015, 2017). Given that the brain
and SC are distinct CNS environments with very
specialized functions (Baskar Jesudasan et al. 2014),
and that regional specificities in age-related changes in
brain inflammatory cytokine profile have been
observed (Xie et al. 2003), on one hand, and that
age-associated increase in the frequency of neurode-
generative phenomena in SC has been reported, on the
other (Saito and Murayama 2000; Schmidt et al.
2001), it is clear that analysis of SC inflammation-
oxidation state could be important.
Considering sex-based differences in longevity
(Ostan et al. 2016), and data indicating that the
nervous tissue aging is critical for organismal aging
(Mattson 2005), understanding sex differences in the
nervous tissue aging seems to be particularly impor-
tant. However, although sex-based differences are
shown to be pervasive characteristic of the CNS oxi-
inflamm-aging (Ali et al. 2006), so that sex bias is
observed in the incidence and prevalence of various
age-associated pathologies affecting the CNS in which
inflammation/oxidative stress plays a major role
(Hanamsagar 2015), the basic biological mechanisms
responsible for these differences are under investi-
gated. Having in mind all the aforementioned, the
study was undertaken to investigate putative sex
differences in the age-related changes in inflamma-
tory/oxidation state of rat SC, and the transcriptional-
translational networks that underlie this inflammatory/
oxidation component of SC aging.
Materials and methods
Experimental animals
Female and male Dark Agouti (DA) rats aged
2–3 months (young) and 18–20 months (old) were
used in the study. The animals were obtained from a
breeding colony maintained in the animal facility of
the Immunology Research Centre ‘‘Branislav Janko-
vic´’’ (Belgrade, Serbia). In this animal facility,
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approximately 90% survival at 20 months for DA rats
of both sexes is expected. Themedian life-span for DA
rats of both sexes is 24 months, whereas the average
maximum lifespan is approximately 26 months for
females and 27 months for males. Thus, female and
male rats used in the present study completed
approximately 69% and 72% of the maximum lifes-
pan, respectively. The animals were housed in
polypropylene cages (three rats/cage), at 21 ± 2 C,
under a 12 h light/dark cycle with ad libitum access to
water and rodent chow. The procedure for handling
and caring for the animals adhered to the Directive
2010/63/EU of the European Parliament and of the
Council on the protection of animals used for scientific
purposes (revising Directive 86/609/EEC) and was
approved by the Institutional Animal Care and Use
Committee. The animals included in the experiments
did not show any clinical signs of neurological
disorders. None of the old animals showed macro-
scopic signs of illness at necropsy.
Tissue sampling
Rats were deeply anesthetized with an intraperitoneal
injection of ketamine (Ketamidor, Richter Pharma
AG, Wels, Austria; 100 mg/mL)/xylazine (Xylased,
Bioveta, Ivanovice na Hane´, Czech Republic; 20 mg/
mL) anesthetizing cocktail [80 mg/kg body weight
(BW) of ketamine/8 mg/kg BW xylazine]. Blood
samples were collected directly in test tubes contain-
ing heparin and centrifuged at 20009g for 15 min at
4 C to separate the plasma from the blood cells.
Plasma samples were stored at -80 C until analyses.
Animals were transcardially perfused with phosphate
buffered saline (PBS) in order to remove cells from
blood vessels. Following perfusion, SCs were col-
lected, transected in three segments (cervical, thoracic
and lumbosacral) and fragments of each segment were
taken for: (i) isolation of mononuclear cells for flow
cytometry analysis (FCA) and pro- and anti-inflam-
matory/immunomodulatory cytokine quantification
by ELISA (six rats/group/experiment) and (ii) RT-
qPCR quantification of proinflammatory and anti-
inflammatory/immunomodulatory enzyme/marker
expression and redox status parameter measurement
by biochemical analyses (6 rats/group/experiment).
For pro- and anti-inflammatory/immunomodulatory
cytokine quantification by ELISA and redox status
parameter measurement by biochemical analyses, SC
tissue fragments were homogenized in nine volumes
of PBS containing 1.15% KCl, using Thomas tissue
homogenizer (Thomas Scientiic, Swedesboro, NJ,
USA), fitted with a Teflon plunger. All steps were
carried out at 0–4 C. Homogenates were centrifuged
at 12,0009g for 40 min, the supernatants were
removed and stored at -80 C until analyses.
Isolation of SC mononuclear cells
To obtain single-cell suspensions, SC tissue was
minced on 60 lm nylon cell strainer (BD Biosciences,
Erembodegem, Belgium) and collected in RPMI 1640
medium (Sigma-Aldrich Chemie GmbH) supple-
mented with 5% fetal calf serum (FCS). Next, SC
cells were centrifuged on a discontinuous 40%:70%
Percoll (Sigma-Aldrich Chemie GmbH) gradient at
10009g for 50 min. Mononuclear cells from the
interface were collected and washed twice in RPMI
1640 medium with 5% FCS. The cells were then
enumerated using 0.2% trypan blue solution using an
improved Neubauer hemacytometer.
Cell staining and FCA
For immunolabeling of SC mononuclear cells, ali-
quotes of 2 9 105 cells were incubated with saturating
concentrations of fluorescein isothiocyanate (FITC)-
conjugated anti-CD11b (clone ED8; Serotec, Oxford,
UK) and biotin-conjugated anti-CD45 (clone OX-1;
BD Biosciences Pharmingen, Mountain View, CA,
USA) monoclonal antibody (mAb), or FITC-conju-
gated anti-CD11b mAb and rabbit anti-CX3CR1
(Abcam, Cambridge, UK) polyclonal Ab, for 30 min
and washed in PBS supplemented with 2% FCS and
0.1% NaN3 (FACS buffer). In the second step, the
cells were incubated with peridinin chlorophyll pro-
tein (PerCP)-conjugated streptavidin or phycoerythrin
(PE)-conjugated goat anti-rabbit IgG (both obtained
from BD Biosciences Pharmingen) for additional
30 min and after a final washing step, the cells were
resuspended in FACS buffer. For FCA, 50,000 cell
events per sample were acquired on a FACSVerse flow
cytometer (Becton–Dickinson, Mountain View, CA,
USA) using FAC Suite software (Becton–Dickinson).
Data were analyzed using FlowJo software version
7.8. (TreeStar Inc, Ashland, OR, USA). Dead cells and
debris were excluded from the analyses by selective
gating based on forward scatter (FSC) and side scatter
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(SSC). Fluorescence minus one (FMO) controls were
used to distinguish positive from negative cells.
RT-qPCR
For SC tissue sampling and quantification of gene
expression reagents and equipment from Applied
Biosystems (Foster City, CA, USA) were used, as
instructed by the manufacturer. Tissue samples were
harvested using Nucleic Acid Purification Lysis Solu-
tion and immediately stored at -70 C until RNA
purification. Total RNA from SC tissue homogenates
was extracted using ABI Prism 6100 Nucleic Acid
PrepStation system. Isolated RNA was converted to
cDNA using High Capacity cDNA Reverse Transcrip-
tion Kit, in 20 lL reactions, and ran under optimal
conditions. For analysis of inducible nitric oxide
synthase (iNOS), arginase-1 (Arg-1), signal transducer
and activator of transcription 3 (STAT3), suppressor of
cytokine signaling 1 (SOCS1), nicotinamide adenine
dinucleotide phosphate- (NADPH) oxidase 2 (Nox2)
and heme oxygenase (decycling) 1 (HO-1) mRNA
expression, triplicate 25 lL RT-qPCR reactions, con-
taining 19 TaqMan Gene Expression Master Mix, 19
mix of premade primer and hydrolysis probe sets
(TaqMan Gene Expression Assays) and 5 lL of cDNA
template, were ran under the default Applied Biosys-
tems 7500 Real-Time PCR System conditions. The
following gene expression assays were used: iNOS
(Nos2; Rn00561646_m1), Arg-1 (Arg-1;
Rn00691090_m1), STAT3 (Stat3; Rn00562562_m1),
SOCS1 (Socs1; Rn00595838_s1), Nox2 (Cybb;
Rn00576710_m1), HO-1 (Hmox1; Rn00561387_m1)
and b-actin (Actb; Rn00667869_m1). Target mRNA
levels were quantified with SDS v1.4.0. software by the
comparative threshold cycle (dCt) method, using b-
actin as a reference gene (Djikic´ et al. 2014). Relative
amounts of target mRNAs were given as 2–dCt values,
where dCt = Ct target - Ct reference gene. The
mRNA-expression ratio of two target genes in a sample
was compared according to the following equation:
2dCtgene X
2dCtgene Y
Values were then plotted on a log scale such that values
[1.0 represented a predominance of X gene expres-
sion and values\1.0 represented a predominance of Y
gene expression (Brown et al. 2009).
Biochemical assays
The chemicals used for biochemical analyses of
redox parameters in plasma and supernatants of
SC tissue homogenate were purchased from
Sigma-Aldrich Chemie (Munich, Germany).
Using the rate of urate formation from hypoxan-
thine, the activity of xanthine oxidase (XO) was
assayed spectrophotometrically (Stirpe et al.
2002). One unit of XO activity is defined as
forming of one lmol of urate per minute. Cu/Zn
superoxide-dismutase (SOD) activity was esti-
mated utilizing SOD property to inhibit auto-
oxidation of epinephrine in alkaline medium
(Misra and Fridovich 1972). One unit of SOD
activity was defined as the activity that inhibits
the auto-oxidation of epinephrine by 50%. For
evaluation of the total pro-oxidant capacity
(TOC), total antioxidant capacity (TAC) and
pro-oxidant-antioxidant balance (PAB), modified
spectrophotometric methods using o-dianisidine
(Erel 2005), ABTS (Erel 2004) and 3,30,5,50-
tetramethylbenzidine (Alamdari et al. 2007) as a
chromogen were applied, respectively (Kotur-
Stevuljevic´ et al. 2015). PAB was expressed in
arbitrary HK units, corresponding to the percent-
age of hydrogen peroxide in the standard solu-
tion. The levels of superoxide anion radical (O2 )
were measured as a rate of reduction of nitrobluete-
trazolium according to the method by Auclair and
Voisin (Auclair and Voisin 1985). The evaluation of
gluthatione (GSH) levels was based on reaction with
5,50-dithiobis-2-nitrobenzoic acid (Jollow et al. 1974).
To determine the concentration of malondialdehyde
(MDA) thiobarbituric acid reactive substances were
used as previously described (Girotti et al. 1991). The
measuring of advanced oxidation protein products
(AOPP) levels was done using a glacial acetic acid and
potassium iodide reaction as previously described
(Witko-Sarsat et al. 1996). Bradford method was used
for quantification of protein concentration in nervous
tissue (Bradford 1976) to normalize biochemical
parameters in a sample. Spectrophotometric assays
were performed on a continuous spectrophotometer
(Pharmacia LKB, Cambridge, UK) except for the
determination of TAC and TOC which was performed
on ILAB 300 Plus analyzer (Instrumentation Labora-
tory, Milan, Italy).
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ELISA
The concentrations of IL-1b (Thermo Fisher Scientific
Inc., Rockford, IL, USA), TNF-a, IL-6 (BioLegend)
and IL-10, TGF-b (R&D Systems, Minneapolis, MN,
USA) in rat plasma and/or supernatants of SC tissue
homogenate were measured using commercial ELISA
kits. The assays were performed following the manu-
facturer’s instructions. A standard curve was calcu-
lated for each assay with the limit of detection for IL-
1b = 6.5 pg/ml, TNF-a = 2 pg/ml, IL-6 = 5.3 pg/
ml, IL-10\ 10 pg/ml and TGF-b = 4.6 pg/ml.
Nitrite concentration in SC mononuclear cell
culture and their arginase activity
Nitrite concentration and Arg activity in SC mononu-
clear cell culture were assessed as previously described
(Dimitrijevic´ et al. 2014). In brief, triplicates of
mononuclear cells retrieved from SC (2 9 105/well)
were cultured in 96-well plates in RPMI 1640 medium
without phenol red for 24 h at 37 C in a humidified 5%
v/v CO2 atmosphere. Supernatants were assayed for the
level of NO by Griess reagent. The concentration of
nitrite, as a measure of NO production, in the samples
was calculated using a NaNO2 (1–160 lM) as a
standard. The cells were collected and processed for
Arg activity by a method based on urea production
(RidderstadWollberg et al. 2014). The concentration of
urea in the samples was calculated according to a
standard curve (1–240 lM of urea).
Statistical analysis
Quantitative datawere analyzedwith two-wayANOVA
(sex 9 age) followed by the Bonferroni post hoc test.
Data were analyzed using GraphPad Prism 5 software
(GraphPad Software, Inc., La Jolla, CA, USA). Differ-
ences were considered significant at p\ 0.05.
Results
Aging affected plasma IL-6 concentration
and redox parameters in a sex specific manner
In the absence of acute infection circulating IL-6 level
is suggested to be a marker of inflamm-aging and a
predictor of disability and mortality among the
elderly. Thus, IL-6 level was measured in plasma of
both young and old animals. In young rats the plasma
IL-6 concentration was lower (p\ 0.05) in males than
in females (Fig. 1a). Aging increased (p\ 0.001)
plasma IL-6 level in both female and male rats, but to a
greater extent in females (by approx. 100% in females
vs approx. 50% in males) (Fig. 1a). Consequently, its
plasma concentration remained lower (p\ 0.001) in
male when compared with old female rats (Fig. 1a).
Next, several redox parameters were investigated in
rat plasma. The level of O2 , which is strongly
associated to oxidative stress level, did not signifi-
cantly differ between young female and male rats
(Fig. 1b). Aging dramatically increased (p\ 0.001)
O2 level in the plasma of rats of both sexes, so it did
not differ between sexes in old animals (Fig. 1b). The
plasma TOC, reflecting the total pro-oxidant load, also
did not differ between sexes in young rats (Fig. 1b). It
increased with age in rats of both sexes, but this rise
was statistically significant (p\ 0.001) only in male
rats (Fig. 1b). However, in old rats the plasma TOC
did not significantly differ between females and males
(Fig. 1b). The activity of SOD, one of the main
enzymes contributing to oxidative stress limitation,
was comparable in plasma of female and male rats
(Fig. 1c). Additionally, in plasma of rats of both sexes
it was stable over the examined period (Fig. 1c).
Consistently, irrespective of sex, TAC, which is
thought to better reflect the antioxidant state than
measurement of all individual antioxidant parameters
separately, did not significantly change in plasma with
age (Fig. 1c). However, the plasma TAC, which did
not differ between sexes in young rats, was slightly,
but significantly (p\ 0.05) greater in plasma from
male compared with female old rats (Fig. 1c). Next, in
a single assay plasma PAB was estimated. This also
failed to show any significant differences in young rats
(Fig. 1d). However, in both sexes age-related increase
(p\ 0.001) in PAB was found, but it was more
prominent in males leading to sex difference
(p\ 0.05) in old animals (Fig. 1d). This increase
most likely reflected greater age-related rise in plasma
TOC than TAC in males. Next, to assess putative
functional significance of the age-related changes in
PAB, plasma AOPP and MDA concentrations were
examined. The concentration of AOPP did not differ
between young female and male rats (Fig. 1e).
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However, the plasma AOPP concentration increased
in both female (p\ 0.05) and male (p\ 0.001) rats
with age, so it was higher (p\ 0.001) in male than
female old rats (Fig. 1e). A similar pattern of change
showed the concentration of MDA, a reliable indicator
of fatty acid peroxidation in rat plasma (Fig. 1e).
Aging affects SC inflammation-oxidation state
in a sex specific manner
Influence of aging on SC microglia activation status
and SC proinflammatory/anti-inflammatory balance
Considering data indicating that: (i) microglia are the
major contributor to age-related changes in the CNS
tissue microenvironment (Fischer and Maier 2015),
and (ii) particularly those showing that SC microglia
of healthy 17 month-old Fischer 344 rats exhibit a
predominately activated phenotype, whereas their
astrocytes are quiescent (as suggested by their mor-
phology and glial fibrillary acidic protein level)
(Galbavy et al. 2015), CD11b? cells, mainly micro-
glia in healthy rodents (Jeong et al. 2013), were
examined for the expression of CD45, a commonly
used marker of their activation (Krauthausen et al.
2014). In young rats, the surface expression of CD45
(as indicated by CD45 MFI) on CD11b?CD45? cells
was similar in female and male young rats (Fig. 2a).
Aging increased CD45 surface density in rats of both
sexes, but this increase was more prominent in males
(p\ 0.05 and p\ 0.001 in female and male rats,
respectively) (Fig. 2a). Accordingly, in old rats CD45
surface density on CD11b?CD45? cells was higher
(p\ 0.01) in males when compared with females
(Fig. 2a).
Considering that CX3CR1, the receptor for frac-
talkine (CX3CL1; the first soluble factor identified as
regulator of microglial activation), has been critically
implicated in the modulation of the CNS microglia
response to systemic inflammation in vivo (Cardona
et al. 2006), its expression on CD11b? SC cells was
examined. Irrespective of age, the frequency of
CX3CR1? cells within CD11b? myeloid SC cells
was lower in male than in female rats (p\ 0.05 in
young and p\ 0.001 in old rats, respectively)
(Fig. 2b). In rats of both sexes it decreased with age
(p\ 0.001), but this decrease was markedly more
pronounced in males (Fig. 2b). The surface density of
CX3CR1 on CD11b?CX3CR1? cells was also lower
(p\ 0.001) in young males than in age-matched
females (Fig. 2b). Irrespective of sex, it decreased
(p\ 0.001) with age, so it did not differ between sexes
in old animals (Fig. 2b).
Next, considering that microglia exhibit a high
degree of plasticity along the activation spectrum,
changing phenotypic and functional properties from
predominantly proinflammatory (M1 phenotype) to
predominantly anti-inflammatory (M2 phenotype), as
a dynamical response to the changes in the local
environment, the expression of iNOS, a classical
marker of M1 phenotype, and Arg-1, a marker of M2
phenotype, and their ratio were examined in SC tissue.
As expected from the previous study (Dimitrijevic´
et al. 2016), irrespective of sex, the expression of
mRNAs for iNOS was undetectable in SC of young
rats (Fig. 3a). However, consistent with data indicat-
ing that cell extracts prepared from untreated rodent
microglia contain both neuronal and endothelial NOS
isoforms, but not the inducible form (Kopec and
Carroll 2000), in supernatants of overnight SC
mononuclear cell cultures from young rats of both
sexes detectable levels of nitrites were found (Fig. 3a).
The expression - of iNOSmRNA enhanced with age in
female rats (p\ 0.05), but this age-related increase
was dramatically more pronounced (p\ 0.001) in
male ones (Fig. 3a). Accordingly, a strikingly greater
(p\ 0.001) amount of iNOS was found in male
compared with female SC tissue from old rats
(Fig. 3a). Consistently, in supernatants of SCmononu-
clear cell cultures from both female (p\ 0.05) and
male (p\ 0.001) old rats higher levels of nitrites than
bFig. 1 Age-related changes in plasma IL-6 concentration and
redox parameters in female and male rats. Scatter plots show
a the concentration of IL-6, b pro-oxidant parameters:
superoxide anion radical (O2 ) level and total pro-oxidant
capacity (TOC), c antioxidant parameters: superoxide dismutase
(SOD) activity and total antioxidant capacity (TAC), d pro-
oxidant-antioxidant balance (PAB) and e parameters of tissue
damage: malondialdehyde (MDA) and advanced oxidation
protein products (AOPP) level, in plasma of young and old rats
of both sexes. Results are from one of two experiments with
similar results (n = 6 animals/group). Horizontal lines within
scatter plots indicate median values. *p\ 0.05; **p\ 0.01;
***p\ 0.001. Two-way ANOVA showed significant interac-
tion between the effects of sex and age for plasma concentration
of IL-6 (F(1,20) = 10.98; p\ 0.01), TOC level (F(1,20) = 4.67;
p\ 0.05), PAB value (F(1,20) = 6.98; p\ 0.05) and AOPP
level (F(1,20) = 7.89; p\ 0.05)
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in the corresponding cultures from sex-matched young
rats were found (Fig. 3a). This difference was striking
in SCmononuclear cell cultures frommale rats, so that
the nitrite level was higher (p\ 0.001) in cultures
from old males compared with age-matched females
(Fig. 3a). Similarly to the expression of iNOS mRNA,
irrespective of sex Arg-1 mRNA expression was also
undetectable in SC tissue from young animals
(Fig. 3a). However, in SC mononuclear cell cultures
from young rats detectable levels of urea, as a measure
of Arg activity, were found. The concentration of urea
was comparable between SC mononuclear cell
Fig. 2 Age-related changes in the activation profile of spinal
cord microglia of female and male rats. a Flow cytometry dot
plots display CD45 staining of spinal cord (SC) CD11b? cells
from (upper) young and (lower) old, (left) female and (right)
male rats. Scatter plot shows CD45 mean fluorescence intensity
(MFI) on CD11b?CD45? cells from SC of young and old rats
of both sexes. b Flow cytometry dot plots display CX3CR1
staining of SC CD11b? cells from (upper) young and (lower)
old, (left) female and (right) male rats. Scatter plots show
(upper) the frequency of CX3CR1? cells within CD11b? cells
and (lower) CX3CR1 MFI on CD11b?CX3CR1? cells from
SC of young and old rats of both sexes. Results are from one of
two experiments with similar results (n = 6 animals/group).
Horizontal lines within scatter plots indicate median values.
*p\ 0.05; **p\ 0.01; ***p\ 0.001. Two-way ANOVA
showed significant interaction between the effects of sex and
age for CD45 MFI (F(1,20) = 8.27; p\ 0.01); frequency of
CX3CR1? cells within SC CD11b? cells (F(1,20) = 30.80;
p\ 0.001) and CX3CR1 MFI (F(1,20) = 46.40; p\ 0.001)
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cultures from young male and female rats (Fig. 3a).
The discrepancy between Arg-1 mRNA expression
and urea concentration in young animals could most
likely be reconciled by data indicating that: (i) expres-
sion of another form of Arg-Arg-2 is found in most
structures of the rat brain, both in neurons and glial
cells and (ii) in the cells expressing both NOS and Arg-
2, Arg-2 may regulate NOS dependent NO production
(Braissant et al. 1999). The expression of Arg-1
mRNA increased (p\ 0.001) in SC tissue of both
female and male rats, but the magnitude of this
increase was similar in both sexes (Fig. 3a). Compared
with SC mononuclear cell cultures from young rats,
the concentration of urea was also higher (p\ 0.001)
in the corresponding SC mononuclear cell cultures
from sex-matched old rats (Fig. 3a). This age-related
increase was particularly pronounced in the cultures
from male rats, again, most likely reflecting the
activity of the other isoform of Arg. We also analyzed
iNOS/Arg-1 mRNA expression ratio in old rats and it
was greater (p\ 0.001) in SC of old male compared
with age-matched female rats, reflecting the markedly
greater expression of iNOS mRNA in males (Fig. 3a).
Next, considering the age-related sex-dependent
increase in the expression of iNOS, the expression of
mRNAs for STAT3—driving the expression of proin-
flammatory genes in microglia (Przanowski et al. 2014)
and SOCS1, a negative regulator of JAK/STAT3
signaling via a classic negative feedback loop (Baus
and Pfitzner 2006), and their ratio was examined in SC.
In young rats, the expression of STAT3 mRNA did not
significantly differ between sexes (Fig. 3b). Its
Fig. 3 Age-related changes in proinflammatory/anti-inflam-
matory parameters expression in spinal cord of female and male
rats. a Scatter plots show mRNA expression of: inducible nitric
oxide synthase (iNOS) and arginase 1 (Arg-1) in spinal cord
(SC) tissue of young and old rats of both sexes, and iNOS/Arg-1
mRNA expression ratio in SC tissue of old rats of both sexes, as
determined by RT-qPCR. Inserted scatter plots show concen-
tration of nitrite and urea in SC mononuclear cell cultures of
young and old rats of both sexes. Triplicate cultures containing
2 9 105 SC mononuclear cells each were incubated for 24 h in
RPMI 1640 medium without phenol red. Nitrite content of
culture supernatant samples was assessed using Griess reagent
and Arg activity was measured by a colorimetric assay; enzyme
activity is the output of urea secreted from lysed SC
mononculear cells. b Scatter plots show mRNA expression of:
signal transducer and activator of transcription 3 (STAT3) and
suppressor of cytokine signaling 1 (SOCS1), and STAT3/
SOCS1 mRNA expression ratio in SC tissue of young and old
rats of both sexes, as determined by RT-qPCR. Results are
expressed as 2-dCt relative to b-actin. iNOS/Arg-1 and STAT3/
SOCS1mRNA expression ratios were calculated as described in
Materials and methods. Results are from one of two experiments
with similar results (n = 6 animals/group). The concentration of
nitrite and urea in SCmononuclear cell cultures represent results
from a single experiment (n = 5 animals/group). Horizontal
lines within scatter plots indicate median values. *p\ 0.05;
**p\ 0.01; ***p\ 0.001. Two-way ANOVA showed signif-
icant interaction between the effects of sex and age for iNOS
(F(1,20) = 280.1; p\ 0.001) and STAT3 (F(1,20) = 5.89;
p\ 0.05) mRNA expression; STAT3/SOCS1 mRNA expres-
sion ratio (F(1,20) = 5.60; p\ 0.05) and nitrite (F(1,20) = 8.639;
p\ 0.01) and urea concentration (F(1,20) = 11.56; p\ 0.01) in
SC mononuclear cell cultures
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expression increased in both female (p\ 0.001) and
male (p\ 0.01) rats with age, but this increase was
more pronounced in females (Fig. 3b). Accordingly, in
old rats less (p\ 0.01) amount of STAT3 mRNA was
found in SC of male compared with female rats
(Fig. 3b). On the other hand, irrespective of sex, the
expression of SOCS1 mRNA did not change with age
(Fig. 3b). However, in both the examined ages it was
less (p\ 0.001) in males than in females (Fig. 3b).
Consequently, in SC from both young (p\ 0.001) and
old (p\ 0.01) rats STAT3/SOCS1 mRNA expression
ratio was greater in male compared with female rats,
indicating a disbalance on the account of the lower
expression of inhibitory SOCS1 in males (Fig. 3b).
Additionally, in both females (p\ 0.001) and males
(p\ 0.05) this ratio increased with age (Fig. 3b). This
increase reflected the age-related up-regulation of
STAT3 mRNA.
Next, SC was examined for the levels of classical
proinflammatory (IL-1b, TNF-a, IL-6) and anti-
inflammatory (IL-10, TGF-b) cytokines, markers of
M1 and M2 phenotype of microglia, respectively. In
young rats, SC levels of IL-1b (p\ 0.001) and TNF-a
(p\ 0.01) were elevated in male compared with
female rats, whereas that of IL-6 was comparable
between sexes (Fig. 4a). The level of IL-1b increased
with age in SC of both female (p\ 0.05) and male
(p\ 0.01) rats, so in old rats it remained higher
(p\ 0.001) in males when compared with females
(Fig. 4a). The level of IL-6 remained stable with age
(Fig. 4a). Differently from IL-1b and IL-6, TNF-a
level decreased with age in SC of both female
(p\ 0.05) and male (p\ 0.001) rats, but this decrease
was more pronounced in males (Fig. 4a). Accord-
ingly, its level was lower (p\ 0.001) in SC from male
compared with female old rats (Fig. 4a).
Fig. 4 Age-related differences in levels of proinflammatory
and anti-inflammatory cytokines in spinal cord of female and
male rats. Scatter plots show the concentration of a IL-1b, IL-6
and TNF-a and b IL-10 and TGF-b in supernatants of spinal
cord tissue homogenate of young and old rats of both sexes, as
determined by ELISA. Results are from one of two experiments
with similar results (n = 6 animals/group). Horizontal lines
within scatter plots indicate median values. *p\ 0.05;
**p\ 0.01; ***p\ 0.001. Two-way ANOVA showed signif-
icant interaction between the effects of sex and age for TNF-a
concentration (F(1,20) = 40.31; p\ 0.001)
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On the other hand, in young rats the level of the
anti-inflammatory cytokine IL-10 was comparable in
SC of female and male rats. With age, it raised
(p\ 0.01) in both sexes to a similar extent (Fig. 4b).
However, the SC level of TGF-b was lower
(p\ 0.001) in young male rats than in the age-
matched females (Fig. 4b). Similar to IL-10, its level
increased with age in female (p\ 0.001) and male
(p\ 0.05) rats, so it remained lower (p\ 0.001) in
males (Fig. 4b).
Influence of aging on SC redox status
Next, several parameters of redox status were exam-
ined in rat SC. In SC from young rats O2 level did not
differ between sexes. Although differently from
female rats, the level of O2 decreased in male rat
SC with age, this decrease did not reach statistical
significance (Fig. 5a). However, in old rats, the O2
level was lower (p\ 0.01) in SC of males when
compared with females (Fig. 5a). Considering that
Nox2 participates in the generation of O2 and that
Nox2-derived ROS are recognized as crucial players
in neuroinflammation-mediated oxidative stress and
chronic neurodegeneration, SC was analyzed for the
expression of this enzyme. Irrespective of age, SC
expression of Nox2 mRNA was greater (p\ 0.001) in
male rats than in the age-matched females (Fig. 5b).
Its expression increased (p\ 0.001) with age in rats of
both sexes, so that greater (p\ 0.001) amount of
Nox2 mRNA was found in SC of male old rat
(Fig. 5b). Next, given that the induction of HO-1
suppresses Nox2-related oxidative stress (Datla et al.
2007), HO-1/Nox2 mRNA expression ratio was also
examined. HO-1 is an ubiquitous enzyme rapidly
inducible by various cell stressors (oxidative stress,
infection, hypoxia and cytotoxic agents) that catabo-
lizes heme to produce carbon monoxide, free iron, and
biliverdin. The latter is rapidly converted to bilirubin,
a potent antioxidant with cytoprotective properties
(Choi and Alam 1996). In young rats, SC expression of
HO-1 gene was similar between female and male
animals (Fig. 5b). Its expression increased in female
(p\ 0.05) and especially in male (p\ 0.001) rats
with age, so it was considerably greater (p\ 0.001) in
SC of male compared with female old rats (Fig. 5b).
Irrespective of sex, HO-1/Nox2 mRNA expression
ratio increased (p\ 0.001) with age, but this increase
was more prominent in males, reflecting the dramatic
age-related increase of HO-1 mRNA (Fig. 5b).
Accordingly, the HO-1/Nox2 mRNA expression ratio
was greater (p\ 0.001) in male than in female old rats
(Fig. 5b). On the other hand, the activity of XO,
another enzyme that generates ROS, was similar
across all experimental groups of animals (Fig. 5b).
The analysis of TOC showed that it was also similar
across all experimental groups (Fig. 5b).
Next, SC antioxidant status was examined. The
activity of SOD did not differ between sexes in young
rats (Fig. 5c). With age, it increased slightly only in
females, so it was lower (p\ 0.05) in male than
female old rats (Fig. 5c). The SC level of GSH, an
important antioxidant, was also examined. Differently
from SOD, SC level of GSH was higher (p\ 0.05) in
male than in female young rats (Fig. 5c). In rats of
both sexes, its level increased (p\ 0.001) with age,
but this increase was more prominent in females, so
that GSH level was lower (p\ 0.001) in SC of male
compared with female old rats (Fig. 5c). The analysis
of SC TAC showed that it was comparable in female
and male young rats (Fig. 5c). With age, it increased
(p\ 0.001) in female rats, while it decreased
(p\ 0.01) in males, so that in old rats TAC was
lower (p\ 0.001) in SC from male than from female
rats (Fig. 5c).
Finally, to estimate the level of SC tissue oxidative
damage, the concentration of AOPP and MDA was
assessed. The level of AOPP was comparable in
female and male young rat SC (Fig. 5d). It increased
(p\ 0.05) with age only in male rat SC (Fig. 5d).
Accordingly, in old rats SC level of AOPP was higher
(p\ 0.01) in males than in females (Fig. 5d). We
failed to show any statistically significant influence of
age on MDA level in SC. In young rats, MDA level
was lower (p\ 0.01) in SC of male rats, but due to a
slight, but not statistically significant increase in male
rats, this difference disappeared in old animals
(Fig. 5d).
Discussion
The study showed (i) sex specificities in age-related
changes in the inflammation-oxidation state of rat SC,
and (ii) disclosed putative molecular mechanisms
underlying these changes. Irrespective of sex, old rats
exhibited a prominent increase in the plasma concen-
tration of IL-6, a marker of inflamm-aging, and a
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predictor of disability and mortality among the elderly
(De Martinis et al. 2005; Lim et al. 2013), and
oxidation-damaged proteins and lipids.
Influence of sex on age-associated changes
in inflammation-oxidation markers in plasma
Irrespective of age, plasma IL-6 concentration was
lower in male than in female rats, but this difference
was more prominent in old animals. This is consistent
with the stronger inflammatory/immune responses in
females of different species (Klein and Poland 2013;
Robinson et al. 2011), and, generally, the more
pronounced inflamm-aging in women than in men
(Furman et al. 2013).
To the best of our knowledge, there are no data on
the influence of aging on oxidative stress biomarkers
in rat plasma, whereas those related to its influence on
these biomarkers in healthy humans are limited and
conflicting (Bonnefont-Rousselot et al. 2001; Stadt-
man 2002; Andriollo-Sanchez et al. 2005; Wiinber
et al. 1995). This inconsistency most likely reflects
differences in oxidative stress biomarkers examined
and the methods used to measure them. Additionally,
it may be related to the fact that the organism is
confronted with oxidative stress from intrinsic (like
the mitochondrial power generation leaking ROS/
reactive nitrogen species) and extrinsic origins (such
as UV light, smoking) (Lenaz 2001; Pandey and Rizvi
2010), so that factors such as life style also influence
most of oxidative stress biomarkers (Pandey and Rizvi
2010). Moreover, differences in the age of the
examined population could also contribute to the
observed inconsistency. The herein reported findings
show that the concentration of AOPP and MDA, an
oxidation damage products, increased in plasma of
both female and male rats with age, but to a greater
extent in males. This, most probably, could be linked
with an unbalanced generation of not only O2 , but
also some other pro-oxidants. The increase in pro-
oxidant load in old rat plasma could be associated with
the age-related increase in the systemic inflammatory
activity (Skvarilova´ et al. 2005). The lack of correla-
tion between sex differences in plasma IL-6 level and
the oxidative damage product concentration may be
ascribed to the fact that assays detected protein and
lipid oxidation depend not only on the extent of free
radical activity, but also on the amount of serum
protein and lipid substrate, respectively (Lopez-Ruiz
et al. 2008).
Sex-based age-associated changes in SC
inflammation-oxidation state
Sex-based age-associated changes in SC inflammation
state
Next, SC from young rats and old ones was examined
for the activation of microglia and proinflammatory/
anti-inflammatory cytokine profile. In accordance
with the findings indicating that rat SC microglial
activation progresses from maturity to old age (Gal-
bavy et al. 2015), an increased microglial activation
(judging by CD45 surface density on CD11b?CD45?
cells) was observed in old rats of both sexes. The age-
related shift in microglial activation state is suggested
to alter its response to a secondary stimulus and to
contribute to development of dystrophic changes
(Nissen 2017). Additionally, to the best of our
knowledge, the herein reported study is the first to
show sex difference in the magnitude of the age-
related increase of SC microglia activation. Conse-
quently, SC microglia exhibited a more activated
phenotype in male old rats. This could be linked with
data indicating that: (i) the nervous tissue is sexually
differentiated (Nissen 2017), and (ii) microglia in
some other regions of rodent CNS exhibit sex-based
bFig. 5 Age-related changes in redox parameters in spinal cord
of female and male rats. Scatter plots show spinal cord (SC)
a superoxide anion radical (O2 ) level; b mRNA expression of
nicotinamide adenine dinucleotide phosphate-oxidase 2 (Nox2)
and heme oxygenase 1 (HO-1), HO-1/Nox2 mRNA expression
ratio, xanthine oxidase (XO) activity and total pro-oxidant
capacity (TOC), c antioxidant parameters: superoxide dismutase
(SOD) activity, gluthatione (GSH) level and total antioxidant
capacity (TAC) and d parameters of tissue damage: malondi-
aldehyde (MDA) and advanced oxidation protein products
(AOPP) level in SC tissue of young and old rats of both sexes.
RT-qPCR results are expressed as 2-dCt relative to b-actin. HO-
1/Nox2 mRNA expression ratio was calculated as decribed in
Materials and methods. Results are from one of two experiments
with similar results (n = 6 animals/group). Horizontal lines
within scatter plots indicate median values. *p\ 0.05;
**p\ 0.01; ***p\ 0.001. Two-way ANOVA showed signif-
icant interaction between the effects of sex and age for HO-1
mRNA expression (F(1,20) = 10.24; p\ 0.01), HO-1/Nox2
mRNA expression ratio (F(1,20) = 15.01; p\ 0.001), GSH
(F(1,20) = 103.30; p\ 0.001), TAC (F(1,20) = 40.11;
p\ 0.001) and AOPP level (F(1,20) = 14.12; p\ 0.01)
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disparities in activation state (Sierra et al. 2007). The
findings indicating that the effects of age on microglial
phenotype and functional integrity vary significantly
between CNS compartments (Hart et al. 2012) could
explain the opposite direction of the sex differences in
the present and previous studies examining microglial
activation in some brain regions of aged mice (Sierra
et al. 2007).
Considering that activated microglia, depending on
the stimulatory contexts, exhibit different activation
patterns and secretory profile (Wang et al. 2015), and
along with the activation a high degree of plasticity,
dynamically responding to the changes in the local
environment (Cherry et al. 2014), the expression of
classical M1 (iNOS) (Zhao et al. 2015) and M2 (Arg-
1) (Cherry et al. 2014) microglial markers was
examined. In accordance with data indicating that
not only microglial activation as previously (Galbavy
et al. 2015) and herein reported, but also microglial
cell number increases during life span (aging effects)
(Maltseva et al. 2017), iNOS and Arg-1 expression in
SC of both female and male rats raised with age. In the
same line was the greater nitrite and urea concentra-
tion in SC mononuclear cell cultures from old
compared with sex-matched young rats. This is fully
consistent with findings in recently published studies
by Galbavy et al. (2015, 2017). In old rats, differently
from Arg-1 expression, which was slightly, but not
significantly greater in male rat SC, iNOS expression
was markedly greater in their SC, so that iNOS/Arg-1
mRNA expression ratio was more shifted towards
iNOS in males compared with females. The latter
could be linked with herein reported sex differences in
age-associated alteration within SOCS1-STAT3
proinflammatory cytokine regulatory pathway, due
to the relatively lower expression of mRNA for the
inhibitory SOCS1 in respect to STAT3 mRNA
expression in old males compared with the age-
matched females. Indeed, the dysregulated STAT3
expression has been associated with aging (Kojima
et al. 2013). Congruent with the age-related shift in SC
gene expression profile, IL-1b level increased in rat
SC. This was consistent with data indicating an age-
related increase in the frequency of IL-1b-producing
cells within male mouse SC microglia and its average
content per cell (Ritzel et al. 2015). On the other hand,
irrespective of sex, SC expression of IL-6 did not
change with age, while that of TNF-a was diminished
in old compared with sex-matched young rats. In favor
of the latter finding is the diminished TNF-a expres-
sion in resident peritoneal macrophages from old DA
rats (Dimitrijevic´ et al. 2014) and the decrease in TNF-
a brain level in response to ischemic injury in old mice
(Sieber et al. 2011). The age-related changes in SC
proinflammatory cytokine profile are consistent with
data indicating the selectivity of age effects on glial
proinflammatory gene expression depending on brain
region and the proinflammatory cytokine, so that in
many regions TNF-a and IL-1b inducibility substan-
tially differs from that of IL-6 (Finch et al. 2002; Lee
et al. 2000). Additionally, it may suggest specificities
in the kinetics of age-related SC changes in proin-
flammatory cytokine levels. Considering that the
resident microglia are key contributor to the increased
inflammatory state of the CNS (Norden and Godbout
2013), the selectivity in age-related changes in proin-
flammatory cytokine expression could be linked with
prominent decrease in CX3CR1 expression on
CD11b? cells with age, which is also observed in
some other studies (Wynne et al. 2010). Namely, the
CX3CL1/CX3CR1 signaling is shown to participate in
the control of microglial production and release of
several cytokines (reviewed in Limatola and Ranso-
hoff 2014), also in a cytokine specific manner.
Specifically, age-associated decrease in CX3CR1
signaling in aged mice is associated with augmented
expression of IL-1b, which is shown to be a mediator
of microglial neurotoxicity induced by systemic
inflammation (Cardona et al. 2006; Wynne et al.
2010). Consistently, chronic blockade of CX3CR1
function is shown to increase IL-1b in young adult
mice (Bachstetter et al. 2011). It should be pointed out
that inhibited production of IL-1b constitutes a central
mechanism for CX3CL1 neuroprotective signaling
(Bhaskar et al. 2010), and that IL-1b action has been
consistently associated with neurodegeneration
in vivo (Zujovic et al. 2000). Furthermore, the
increased expression of interleukin IL-1b, but not
TNF-a, IL-6 or lymphotoxin, by microglia from LPS-
injected Cx3cr1-/- mice was reported (Cardona et al.
2006). In the same line is a reduction in TNF-a
production in brains of Cx3cr1-/- mice upon induc-
tion of cerebral ischemia (De´nes et al. 2008). Alter-
natively, but not mutually exclusive, the differences in
the age-related changes in the expression of genes for
distinct proinflammatory cytokines could reflect their
distinct sensitivity to the inhibitory action of anti-
inflammatory cytokines IL-10 and TGF-b (Finch
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2010). Their levels raised in SC of both male and
female rats with age, as in some other regions of rodent
CNS (Norden and Godbout 2013; Sierra et al. 2007).
The sex differences in the expression of all
examined cytokines except for IL-6 and IL-10
observed in rats of both ages are consistent with data
indicating that microglia expresses sexually dimor-
phic cytokine secretory profile (Nissen 2017). The sex
bias in IL-1b level could also be related to the lower
CX3CR1 expression in male compared with female
rats. To corroborate the sex differences in CX3CR1
expression on CD11b? SC cells are recently pub-
lished data indicating lower expression of this receptor
in male compared with female mouse brain (Dorfman
et al. 2017).
Finally, it is noteworthy that the activation of
proinflammatory genes during normal aging is sug-
gested to have a direct role in impairing gene
expression for neuronal functions, i.e. that microglia
committed to an inflammatory phenotype may be
deleterious (Blalock et al. 2003).
Sex-based age-associated changes in SC redox status
Given that: (i) age-related oxidative stress-induced
changes are expected to be most notable in microglia,
as these cells are long-lived and not readily replaced
by cells from the periphery (Ajami et al. 2007), and (ii)
CX3CL1 is shown to reduce the production of NO by
activated microglia (Mizuno et al. 2003; Zujovic et al.
2000), the sex- and age-associated alterations in iNOS
expression, and possibly NO production, could be
linked with the age-related impairment of CX3CR1
expression on SC microglia, which was particularly
prominent in males. To support our findings are data
indicating lower iNOS expression in female rodent
microglia (Nissen 2017). On the other hand, the SC
level of O2 did not statistically significantly change
with age, but it seems that a slight drop in its level was
sufficient to secure its lower level in male compared
with female old rats. This most likely reflected the age-
and sex-specific ratio in the expression magnitude of
mRNA for Nox2, and HO-1, which is shown to
suppress Nox2-related oxidative stress (Datla et al.
2007). The age- and sex-induced increase in HO-1
could be related to the age- and sex-associated changes
in iNOS expression (Calabrese et al. 2006). As the net
effect of all changes in distinct pro-oxidant load, TOC
in the SC was stable with age, and it was comparable
between sexes in old rats. On the other hand, with age
SOD activity and GSH levels increased only in
females and prevalently in females, respectively.
Consequently, in old rats both SOD activity and
GSH levels, and consistently TAC, were lower in male
than in female rats. This was in line with data
indicating that the expression of SOD and GSH are
generally diminished in male compared with female
rodent tissues (Borra´s et al. 2003). Given that SOD
level exhibits bimodal changes in rat brain during
aging, i.e. it decreases after an initial increase (Tsay
et al. 2000), the previous finding may indicate sex-
specific differences in kinetics of the age-related
changes in SOD level. The analyses of TAC, as an
index of the overall antioxidant capacity, showed
distinct changes in female and male rat SC with age, so
that old male rats exhibited lower TAC than the age-
matched females. As a net effect of the changes in
TOC and TAC, an age-related increase in the
concentration of AOPP was found only in SC of male
rats, so its concentration was higher in old male rats
than in the age-matched females. This is consistent
with data indicating that aged female rat brain shows
better control of oxidative stress balance (Guevara
et al. 2009). Consistently, lower incidence of several
neurodegenerative diseases related to oxidative stress
is shown in females compared with males (Guevara
et al. 2009). The lack of statistically significant
changes in the concentration of MDA could be related
to data indicating that protein and lipid substrates are
not equally sensitive to pro-oxidant action (Lopez-
Ruiz et al. 2008).
In conclusion, the study revealed that during the
aging process, rat SC tissue exhibits shift towards a
chronic mild inflammatory state, with increased levels
of the proinflammatory cytokine IL-1b, which is more
prominent in males. This, most likely, reflects an age-
and sex-related impairment in the expression of
CX3CR1, the receptor for CX3CL1, the first soluble
factor that regulates microglial activation and proin-
flammatory mediator production (Cardona et al.
2006). Additionally, most likely due to the lower
capacity to keep pro-oxidant-antioxidant balance, SC
tissue from old male rats exhibits greater oxidative
damage when compared with female rats. These
findings, apart from closing the gap in our knowledge
on the significance of sex for age-associated changes
in SC inflammation-oxidation, may be relevant for
understating sex differences in human SC diseases, in
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which pathogenesis participate inflammation and
oxidative stress, and consequently to optimize pre-
ventive/therapeutic approach.
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